This study focuses on establishing an effective vaccine to treat hypertension.
A ntihypertensive drugs, such as calcium channel blockers and angiotensin II (Ang II) receptor blockers are widely used in the treatment of hypertension. These medications are known to effectively lower high blood pressure (BP) with relatively minor side effects. Although current antihypertensive drugs seem to fulfill the unmet medical needs of hypertensive patients, there are still serious issues (eg, daily dosage of the medication and often for life) that may be a significant financial burden, particularly in developing countries. Therefore, next generation of the treatments for hypertension that can reduce or halt the use of antihypertensive drugs and reduce long-term medical expenses would be ideal. Vaccines against viral and bacterial pathogens have been established, and are widely used. Recent progress in therapeutic B-cell vaccines toward producing neutralizing auto-reactive antibodies against important mediators in common adult diseases, such as Alzheimer disease, obesity, diabetes mellitus, hypertension, and cancer. 
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phase II clinical trial. 8 In this study, we used DNA vaccine technology to treat hypertension because we hypothesized that it would be superior to peptide vaccine in the maintenance of target antigen expression and long-lasting immunologic effects. Here, we demonstrated the development of DNA vaccine that reduced BP for ≤ 6 months by targeting Ang II fusion with hepatitis B core (HBc) protein administered via the needleless jet injector in a rat model of hypertension.
Methods
Methods are available in the online-only Data Supplement.
Results
Construction of DNA Vectors
We selected Ang II as a target antigen to reduce BP in spontaneously hypertensive rats (SHRs), expecting that immunization against Ang II would minimize the inflammatory action of immune complexes because of the extremely low concentration of circulating Ang II. In addition, as Ang II receptor blockers are known to cause few severe adverse effects in clinical practice, we hypothesized that targeting a peptide in this pathway would have the similar safety profile with little side effects. To break the immunologic tolerance to Ang II, we constructed an HBc-Ang II fusion protein plasmid vector; the immunization of the fusion protein of HBc with any target peptide can produce high titers of antibody against the target peptide because of the highly immunogenic nature of the HBc protein.
Plasmids pcDNA3.1-HBc (control) and pcDNA3.1-HBcAng II containing an immunostimulatory sequence were both constructed ( Figure S1A and S1B in the online-only Data Supplement), and transfected into HeLa cells. We analyzed the HBc-Ang II recombinant protein ( Figure S1C ) synthesized in cells by performing Western blots on whole cell protein lysates ( Figure S2 ). One band ≈24 kDa in size was detected in the cell lysate of pcDNA3.1-HBc-Ang II-transfected HeLa cells by probing the immunoblot with anti-Ang II antibody; this band was also visible in the cell lysates of pcDNA3.1-HBc-Ang II-and pcDNA3.1-HBc-transfected HeLa cells when probing the immunoblot with anti-HBc antibody. These results indicated that the transcription and translation of the pcDNA3.1-HBc-Ang II plasmid in HeLa cells produced the desired target protein.
Evaluation of Ang II DNA Vaccine in SHR
To examine antibody production by plasmacytes, we measured the amounts of anti-Ang II antibodies produced in response to vaccination with pcDNA3.1-HBc-Ang II or pcDNA3.1-HBc. Because Ang II is an 8-amino-acid peptide and too small to be detected by Western blot, a BSA-Ang II conjugate was constructed with several (an average of 5) Ang II molecules conjugated to 1 BSA molecule at its N terminus. As shown in Figure 1A , sera from pcDNA3.1-HBc-Ang II-immunized rats bound the BSA-Ang II conjugate, but not BSA. Preimmune sera did not bind to either the BSA-Ang II conjugate or BSA. These results indicated that anti-Ang II antibody was successfully produced by immunization.
We subsequently immunized SHR with either pcDNA3.1-HBc-Ang II, pcDNA3.1-HBc or saline by intradermal administration 3× at 2-week intervals. Anti-Ang II antibodies were detected only in the pcDNA3.1-HBc-Ang II-immunized group when compared with inoculation with pcDNA3.1-HBc or saline. ELISA detected antibodies as early as 2 weeks after the first administration that lasted for at least 24 weeks until the last sampling of blood ( Figure 1B ). The production of antiAng II and anti-Ang I antibodies significantly increased after immunization, whereas the production of anti-Angiotensinogen (Ang-N) and anti-Ang1-7 antibodies did not significantly increase ( Figure 1C ). These results indicated that the immunization was specific to Ang I and Ang II.
To confirm the efficacy of vaccination, BP levels were measured in SHRs by the tail-cuff method. Systolic blood pressure (SBP) in pcDNA3.1-HBc-Ang II-immunized rats was significantly lower when compared with the pcDNA3.1-HBc-and saline-immunized groups at 8, 12, 16, 20, and 24 
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weeks after the first immunization ( Figure 2A ). As shown in Figure 2B , a significant inverse correlation was observed between anti-Ang II antibody response and BP (r=−0.704; P<0.01). No significant differences in heart rate were detected between any treatment groups (data not shown). It is noteworthy that a significant decrease in plasma Ang II concentration was observed in the pcDNA3.1-HBc-Ang II group (−30 pg/ mL, P<0.001) when compared with the pcDNA3.1-HBc and saline groups ( Figure 2C ). Then, we measured plasma renin activity, plasma Ang I concentration, and daily urinary excretion of aldosterone. As a result, plasma renin activity tends to rise in the HBc-Ang II group ( Figure S3A ). These results indicate that blockade of Ang II signal by Ang II vaccine may induce the feedback system to increase the renin/angiotensin production. Interestingly, plasma Ang I did not change by Ang II vaccine ( Figure S3B ). These results also support that Ang II vaccine mainly neutralizes Ang II in our system. Daily urinary excretion of aldosterone was significantly decreased in the HBc-Ang II group ( Figure S3C ). These results suggest that the downstream pathway of Ang II in RAS is repressed by Ang II vaccine.
To examine the effect of HBc-Ang II vaccine on normotensive rats, WKY rats were vaccinated 3× with pcDNA3.1-HBcAng II at 2-week intervals, and SBP was measured at 6 weeks after the first immunization. As shown in Figure S4 , SBP of WKY rats was not significantly affected by vaccination. We think that this is because homeostatic control of BP is regulated by not only RAS but also catecholamine, vasopressin, or the autonomic nervous system.
To investigate whether the decrease in BP is the primary result of increase Ang-(1-7)-mas axis activation with simultaneous Ang II-AT1R suppression, we conducted the additional experiments to examine whether the administration of A779 or Olmesartan would affect SBP in the immunized rats. As shown in Figure S5 , administration of A779 (0.8 mg/kg per day IP) for 7 days did not significantly change SBP in HBc-Ang II-immunized rats, and oral administration of Olmesartan (3 mg/kg per day) for 7 days did not decrease SBP in HBc-Ang II-immunized rats. Both HBc-Ang II group and Olmesartan group decreased SBP to the same degree in SHR rats.
Because SHRs exhibited severe organ damage such as fibrosis in various organs, including the kidney and heart because of high BP and Ang II concentration, we examined hearts and aortas from SHRs at 24 weeks after immunization for pathological changes. Severe perivascular fibrosis was detected in hearts from SHRs treated with saline or pcDNA3.1-HBc using Masson trichrome staining, whereas fibrosis was significantly reduced in SHRs treated with pcDNA3.1-HBc-Ang II ( Figure 3A and 3B). At 24 weeks after the first immunization, the area of aortic media in the HBc-Ang II group was significantly reduced than that in the HBc and saline groups ( Figure 3C and 3D ). In contrast, we confirmed the safety of the Ang II DNA vaccine by histochemical analysis of the kidney, heart, liver, and aorta, all of which showed no evidence of pathological changes and T cell or macrophage infiltrations at 24 weeks after immunization ( Figures S6 and S7 ).
To evaluate long-term safety and efficacy of this vaccine, we compared survival rates between HBc-Ang II group and control groups. Because it is reported that disruption of the Ang II type1 receptor promotes longevity in mice, 9 we reimmunized SHR with either pcDNA3.1-HBc-Ang II, pcNDA3.1-HBc, or saline at 24 weeks after first immunization, as a booster effect ( Figure 4A ). As shown in Figure 4B , the survival rate was significantly improved in the HBc-Ang II group (log rank P<0.05). The serum from the rat that lived longest in HBc-Ang II group showed the highest anti-Ang II antibody response measured by ELISA at 48 weeks after first immunization (data not shown). We also sampled pleural effusion from the rat that lived longest on the date of death. The sampled effusion showed high anti-Ang II antibody response by ELISA (data not shown). These results demonstrated that 
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Evaluation of T-cell Activation After Immunization
Our hypothesized mechanism of action for Ang II-targeted vaccine therapy is illustrated conceptually in Figure S8 . We immunized mice by introducing HBc-Ang II as an antigen. During immunization, antigen-presenting cells phagocytose the HBc-Ang II fusion protein and present T-cell epitopes of this antigen on their major histocompatibility complexes. T cells bind their cognate epitopes through their T-cell receptors, activating and differentiating into effector T cells (step 1, shown as 1 in Figure S8 ). B cells that have a B-cell receptor specific for Ang II also phagocytose HBc-Ang II and present corresponding T-cell epitopes of HBc-Ang II on major histocompatibility complex toward T cells. These B cells then differentiate to plasmacytes and produce antibodies with the help of activated effector T cells (step 2, shown as 2 in Figure  S8 ). These steps are required for the efficient production of antibodies.
To examine the initial immunization step, the activation of T cells was evaluated by measuring their cytokine production in rats immunized by pcDNA3.1-HBc or pcDNA3.1-HBc-Ang II. Splenocytes from rats immunized with either pcDNA3.1-HBc-Ang II or pcDNA3.1-HBc produced interferons (IFN)-γ and interleukin (IL)-2 (T-helper type 1 cytokines) when stimulated in vitro with recombinant HBc protein ( Figure 5A and 5B), but did not produce IL-10 or IL-4 (Th2 cytokines) after exposure to the same stimuli ( Figure 5C and 5D ). These data indicated that HBc-Ang II and HBc contain sufficiently immunogenic T-cell epitopes to activate T cells. None of the pcDNA3.1-HBc-Ang II-immunized rats produced cytokines when stimulated in vitro with either Ang II or Ang-N, indicating that Ang II does not contain the immunogenic T-cell epitope. ELISPOT assays for IFN-γ and IL-2 were also performed ( Figure 5E and 5F), and responses against recombinant HBc protein were detected in pcDNA3.1-HBc-Ang II-immunized rats and pcDNA3.1-HBc-immunized rats; in contrast, responses against Ang II or Ang-N were not detected.
Discussion
In this study, we demonstrated that DNA vaccine against Ang II successfully reduced high BP in SHRs, suggesting that it might be a novel therapy to treat hypertension. BP was continuously decreased for at least 6 months after 3-dose immunization regimen. The long-term BP reduction observed in this study might be because of the prolonged high-level production of antibodies against Ang II and Ang I by DNA vaccine. Previous reports using the peptide vaccine against Ang II exhibited −9.0/−4.0 mm Hg reduction in mean ambulatory daytime BP from baseline at week 14 in a multicenter, doubleblind, randomized, placebo-controlled phase IIa trial enrolling 72 patients with mild-to-moderate hypertension. 10 However, peptide immunization also seemed to exhibit several limitations, including (1) relatively long BP reduction that was not sustained to 1 year, and (2) potential side effects, such as transient, influenza-like symptoms. In the preclinical study, 5 a transient reduction in BP by the peptide vaccine against Ang II was observed, but this reduction was not sustained ≤6 months different from this study using DNA vaccine. Therefore, DNA vaccine might be superior in sustaining the effects of vaccination.
The contrasting maintenance of efficacy begets the question: Why is Ang II DNA vaccine superior to the peptide vaccine to reduce BP? One potential reason might be that both anti-Ang II and anti-Ang I antibodies were produced by Ang II DNA vaccine. The production of both anti-Ang I and anti-Ang II antibodies by DNA vaccine would synergistically act to decrease BP in SHRs. Because tissue Ang II is known to accelerate fibrosis, this study successfully demonstrated a significant decrease in cardiac perivascular fibrosis in the HBc-Ang II-treated group. Considering that aldosterone breakthrough is known to accelerate fibrosis, 11 a significant decrease in circulating Ang II might be even more beneficial for the prevention of fibrosis.
In contrast, anti-Ang1-7 antibody was not produced for an unidentified reason. Presumably, the phenylalanine residue in Ang II that is absent in Ang1-7 may be important as a B-cell epitope ( Figure 1C ). The axis formed by angiotensin-converting enzyme 2/Ang-(1-7)/Mas represents an endogenous counter-regulatory pathway within the RAS whose actions oppose the vasoconstrictor/proliferative arm of the RAS that is composed of angiotensin-converting enzyme/Ang II/ AT1R. 12 The HBc-Ang II DNA vaccine used here is expected to restrain the RAS effectively without inhibiting the action of Ang1-7 because of the lack of anti-Ang1-7 antibody. In fact, administration of A779 did not significantly change SBP in HBc-Ang II-immunized rats ( Figure S5 ). These results indicate that the decrease in BP is the primary result of Ang II-AT1R suppression.
To enhance the therapeutic efficacy of DNA vaccines for the treatment of hypertension, we used the HBc-Ang II fusion antigen to produce antibody for a more sustained period of time. Because HBc self-aggregates into a sphere, Ang II sequence inserted into the B-cell epitope (aa80-81) of HBc is presented on the surface of the sphere, and is recognized by the immune system as a repetitive epitope. In addition to the capacity of the HBc carrier moiety to provide T cell help to inserted sequences, the HBc capsid mediates T-cellindependent humoral response to inserted epitopes because of the high degree of repetitiveness of the epitopes and their spacing. 13 The anti-HBc antibody is also known to last longer than the anti-HBs antibody in humans after infection by HB virus. These characteristics of DNA vaccine using the HBc system would contribute to the maintenance of antibody production.
Virus-like particles are highly organized spheres that selfassemble from virus-derived structural antigens. These stable, versatile subviral particles possess excellent adjuvant properties and are capable of inducing both innate and cognate immune responses.
14 The structural components of some viruslike particles have proven amenable to the insertion or fusion of foreign antigenic sequences, allowing for the production of chimeric virus-like particles that expose the foreign antigen on their surface. 15 Among virus-like particles, those based on the HBc protein have been studied intensively and used in previous clinical trials. [16] [17] [18] [19] It is widely accepted that the HBc carrier is capable of eliciting high levels of B-and T-cell immunogenicity to foreign epitopes. 16 HBc particles can present on their spherical surface any peptide inserted between A80-S81, which are located within the major immunodominant region. 20 The injection system used for delivery is also important in vaccine efficacy. Because the chosen method and route of administration could play key roles in the magnitude and quality of the resultant immune response, DNA vaccines require an appropriate delivery technology. Dermal delivery will elicit Vaccination was started at 6 weeks of age of rats. B, KaplanMeier curve of time to survival rate, log rank P<0.05 between HBc-Ang II group and nonimmunization group (HBc and saline).
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a humoral response with the production of IgA and IgG 1 , whereas intramuscular injection will prime a cellular response with the activation of cytotoxic T lymphocytes and the production of IgG 2a . 21 Traditionally, percutaneous injection has been a popular approach for vaccination owing to its accessibility, size, and cell population consisting of Langerhans cells, antigen-presenting cells, and migrating lymphocytes. Although there are several methods to deliver DNA vaccines, such as gene gun, electroporation, and liposomes, we chose the needleless jet injection system. This method was reported to be highly effective at gene transfection of naked plasmid DNA to the skin in rats at levels similar to those in viral vector systems. 22 Indeed, our previous study demonstrated that local gene expression was ≈100× higher by the spring-powered jet injector, Shima Jet, when compared with delivery by needle alone. 23 When considering the clinical application of immunotherapy for hypertension, the safety of the vaccine is extremely important. For example, a clinical trial of an amyloid β vaccine for Alzheimer disease was halted because of a severe adverse event.
24,25 Therefore, a vaccine against self-antigen requires an adequate and reversible humoral immune response from B cells while avoiding the activation of self-reactive T cells. In this study, the splenocytes in the HBc-Ang II group stimulated with HBc produced T-helper type 1 cytokines, such as IFN-γ and IL-2. In the ELISPOT assay, the production of IFN-γ and IL-2 by splenocytes stimulated with HBc was also observed. However, Th2 cytokines, such as IL-10 and IL-4 were scarcely produced.
These outcomes indicate that these immunization conditions established a T-helper type 1-dominant immune response, a result that is in agreement with other studies on DNA vaccines. However, the stimulation of splenocytes in the HBc-Ang II group with Ang II or Ang-N did not lead to the secretion of any cytokines (IFN-γ, IL-2, IL-10, or IL-4) detected by ELISA or ELISPOT assay. These results demonstrated that immunization by pcDNA3.1-HBc-Ang II did not establish T-cell immune responses against Ang II or Ang-N. Generally, antibody production requires helper T-cell activation to assist the expansion of B cells; therefore, antigens generally contain B-and T-cell epitopes. However, the derivation of the sequence to activate T cells (the T cell-epitope) and to activate B cells (the B-cell epitope) may be different, similar to the relationship between hapten and carrier, where the former has the only B-cell epitope and the latter possesses the T-cell epitope. In this scenario, the antigen composed of self-B-cell epitope and non-self T-cell epitope could potentially induce antiself antibody without inducing antiself T-cell activation. In this study, we used HBc as a carrier with several non-self helper T-cell epitopes and succeeded in producing antibody against Ang II without T-cell activation toward Ang II or Ang-N. Indeed, no cytokine was secreted in ELISA or ELISPOT assay, and no pathological symptoms were discovered in the kidney, liver, or heart. Ang II is assumed not to be a highly responsive cytotoxic T lymphocyte epitope in SHRs. Overall, our results revealed that (1) Ang II did not act as a T-cell epitope, (2) T cells were activated by a T-cell epitope in HBc but not Ang II, and (3) helper T-cell activation by HBc-Ang II was predominantly skewed toward a T-helper type 1 phenotype.
Theoretically, DNA vaccines raise fewer safety concerns because they can induce both long-lasting cellular and humoral immune responses, but do not revert to virulence. Many clinical trials with DNA vaccines have observed lower incidences of systemic adverse effects, such as redness, transient pain, swelling, fever, and headache in >3000 patients. 26 The fact that survival time was extended in the HBc-Ang II group may also be considered as a strong support for high safety of this vaccine.
Perspectives
Here, we reported on the first DNA vaccine against hypertension using HBc. DNA vaccination against Ang II in SHRs produced anti-Ang II antibodies and lowered SBP for ≤6 months postvaccination without any apparent side effects. Although there are no US Food and Drug Administration-approved DNA vaccines for use in humans, this study presents the newest vaccine platform currently under development. Further research on this DNA vaccine platform, including increase the longevity of BP reduction, may eventually provide a new therapeutic option to treat hypertensive patients. What Is New?
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• Antihypertensive drugs are well known to effectively lower high blood pressure, however, next-generation treatment for hypertension might be ideal, leading to the reduction in medical expenses. Vaccine has been recently developed to different pathologies to target self-antigen, such as Alzheimer disease. In this study, we succeeded to evaluate the efficiency and safety of the angiotensin II (Ang II) DNA vaccine for hypertensive rat.
What Is Relevant?
• Plasmid vector encoding hepatitis B core-Ang II fusion protein was injected to hypertensive rat by needle less injection system. As a result, anti-Ang II antibody was successfully produced in hepatitis B core-Ang II group and sustained at least ≤6 months. Consistently, SBP was lower in hepatitis B core-Ang II group after the immunization, and BP reduction was continued at least ≤6 months.
Summary
Our findings proposed that future development of DNA vaccine to hypertension might provide new therapeutic option to treat hypertensive population.
Novelty and Significance
Methods
Reagents
Anti-Ang II antibody, anti-Ang I antibody, anti-Ang1-7 antibody, anti-Ang-N antibody, and anti-BSA antibody were purchased from Abcam. Anti- actin antibody was purchased from Sigma-Aldrich. Olmesartan was purchased from Daiichi-Sankyo (Tokyo, Japan.).
Vaccine synthesis
The HBc gene was obtained by PCR from the plasmid pPLc3 (BCCMTM/LMBP, Plasmid Collection, University of Ghent, Belgium). To construct pcDNA3.1-HBc, the HBc sequence was amplified by PCR using HBcF (5'-gccatggatatcgatccttataaagaattcggagc-3') and HBcR (5'-ggcctctcactaacattgagattcccgagattgaga-3') as forward and reverse primers, respectively.
The amplified fragment was inserted into the pcDNA3.1/V5-His-TOPO vector (Invitrogen) by TA cloning according to the manufacturer's protocol.
To construct pcDNA3.1-HBc-AngII, PCR was performed three times. First, the 5' half of the HBc ORF was amplified by PCR using HBcF and H2 (5'-ggggtggatgtatacgcggtcagtgatagctggatcttccaagttaac-3') primers. Second, the 3' half of the Each of these constructed vectors was used to transform E. coli TOP10 competent cells (Invitrogen), and resultant colonies were screened for ampicillin resistance and sequenced to confirm correct insertions.
Animals and DNA immunization
The experiments were approved by the Ethical Committee for Animal Experiments of the Osaka University Graduate School of Medicine. Eight-week-old male spontaneously hypertensive rats (SHRs) were purchased from The Oriental Yeast (Osaka, Japan) and were housed in a temperature-and light cycle-controlled animal facility with free access to food and water. These experimental protocols were approved by the Ethical Committee for animal experiments of the Osaka University Graduate School of Medicine. Rats were randomly assigned into three groups; each group of rats was anesthetized, and received SHRs were vaccinated three times with pcDNA3.1-HBc-AngII at 2-week intervals (0, 2nd, 4th week). The administration of A779 (0.8 mg/kg/day, I.P., for 7days) or olmesartan (3 mg/kg/day, P.O., for 7 days) was started at 5th week. Systolic BP was measured at 6th week. Data are presented as the average of each group; error bars indicate the standard error of the mean. *P<0.05 vs. saline group. n=4 per group. We immunized mice with HBc-AngII as an antigen. As an immunization phase, antigen presenting cells (APCs) phagocyte HBc-AngII and present T cell epitope of HBc-AngII to T cells through major histocompatibility complex (MHC), and T cells recognize it through T cell epitope and activate (differentiate to effector T cells) (step 1). B cells, which are specific to AngII, phagocyte HBc-AngII and present T cell epitope of HBc-AngII to T cells through MHC. Then, B cells differentiate to plasmacytes and produce antibodies with help of activated T cells (effector T cells) (step 2). These steps are required to produce antibodies efficiently.
